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This rapport summarizes the cosmic-ray indirect (CRI) session of the 36th ICRC conference. Up-
dated measurements from several air-shower arrays with higher precision were shown leading to
the discovery of new features in the energy spectrum: HAWC measures a softening of the light
component (p+He) around 1013.5 eV; measurements of the Pierre Auger Observatory show that the
second knee is a smooth feature extending at least over the range of 100− 200PeV and that the
energy spectrum between the ankle and the cut-off cannot be described by a simple broken power
law. Measurements of the mass composition confirm that the composition is a varying mixture of
protons and nuclei at least up to several 10EeV. Hadronic interaction models constitute a signifi-
cant uncertainty in the interpretation of measurements, but a joint effort of several collaborations
helps to better assess their deficiencies, e.g., by quantifying the muon deficit in the models over
the shower energy. Still, general trends in the average mass composition over energy are con-
sistent for all state-of-the-art models. Anisotropy measurements with higher precision generally
confirm earlier results, too. A change of the amplitude and phase of the equatorial dipole provides
another indication that in the energy range between the second knee and the ankle there likely is a
transition from Galactic to extragalactic sources. However, neither the most energetic Galatic nor
the extragalactic sources have been discovered, yet, which remains a primary science goal of the
field. Next to more exposure, an increase of measurement accuracy and decrease of systematic
uncertainties will provide future progress. Therefore, it is particularly exciting that new experi-
ments are built and existing experiments upgraded to increase the accuracy for the measurement
of the energy and mass composition, e.g., by combining radio antennas with particle detectors.
Last but not least, there is a trend that experiments are designed such that they can target cosmic
rays, photons, and neutrinos at the same time, which will facilitate multi-messenger astrophysics
at the highest energies.
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1. Introduction
The 36th ICRC demonstrated manifold progress regarding the most energetic Galactic and
extragalactic cosmic rays that are usually measured indirectly by cosmic-ray air showers. More
than 100 talks and more than 150 posters were presented in the ’cosmic-ray indirect’ (CRI) sessions
of this conference complemented by several plenary talks. Hence, it is impossible to provide a
complete rapport of the numerous material presented at the conference, and I had to perform a
difficult personal selection from the large number of contributions. For this, I relied mostly on the
content presented directly at the conference, i.e, the posters displayed and the talks presented, and
only to some extent on the written material in the proceedings. In any case, the references given
here are to the corresponding proceedings, and I will go through them sorted by topics.
In addition to the scientific results themselves, I want to highlight three particular ways of how
the work was done because these build the foundation of some of the most important discoveries
presented at this ICRC. First, an increase in quality results from higher experimental precision and
more thorough studies of systematic uncertainties. We have surpassed the era of speculative in-
terpretation of poor data, and important experimental results are now based on increasingly well
understood instruments and solid statistical interpretations. Second, the large international collab-
orations operating the major observatories for air-shower detection do not only compete, but also
collaborate with each other. By this joint effort, they achieve a higher sky coverage and a more
robust study of systematic effects, increasing the physics impact beyond the potential of any of the
individual experiments. Third, theoretical models used for the interpretation of the measurements
get thoroughly tested against the manifold cosmic-ray measurements, and in some case also against
multi-messenger data. These tests are a cumbersome effort requiring detailed simulations studies,
but it is the only way to test whether a model is consistent with the complete available experimental
data. Last but not least, we have seen several efforts for future experiments, often upgrades aiming
at an increase of accuracy, which shows that cosmic-ray science is a living field.
The solutions to the big questions about the origin of the highest energy cosmic rays produced
inside and outside of our Galaxy are still ahead. Nonetheless, a number of important steps were
taken, resulting in a consolidation of the general picture that emerged over the past years: At
all investigated primary energies, i.e., at least up to several 1019 eV, cosmic rays are composed of a
mixture of atomic nuclei - where the composition varies with energy. Cosmic rays at energies below
the second knee around 1017 eV seem to be of Galactic origin. There is a transition from Galactic to
extragalactic origin in the energy range between the second knee and the ankle, i.e. roughly around
1018 eV. At least the extragalactic cosmic rays at highest energy (above 1019 eV) seem to originate
mainly from Galaxies in our cosmic neighborhood (i.e., from closer than 100−200Mpc).
Although the interpretation of measurements suffers from several shortcomings regarding
models of hadronic interactions in air showers, acceleration mechanisms, and (inter)galactic mag-
netic fields, to my understanding, the above findings are relatively robust. Nevertheless, many
questions remain open, in particular, there may be several source populations contributing with
different mass compositions at different energies to the cosmic-ray flux, but none of the suggested
source candidates above several 1015 eV has been experimentally confirmed. Since we do not
know by what measurements or type of observations these sources will be revealed, progress in all
subtopics of our field remains important.
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Figure 1: Energy spectrum of high-energy cosmic rays obtained from air-shower measurements [1, 2, 3, 4, 5,
6, 7, 8, 9, 10]. Different measurement techniques are used by the experiments, and systematic uncertainties
have been investigated in varying detail. The effect of an uncertainty of the absolute energy scale is shown
exemplary for the Pierre Auger Observatory [11].
2. Energy Spectrum
Many collaborations provided new [2, 5, 7] or updated measurements on the cosmic-ray energy
spectrum [8, 9, 10]. In several cases, the energy range was extended towards lower energies by
dedicated analysis methods, and the quality of the measurement improved, e.g., by accumulating
additional statistics and by a thorough study of systematic uncertainties. Naturally, the spectra have
different quality, reaching from a simple proof-of-principle that an experiment works as expected,
to hybrid measurements featuring low systematic uncertainties. In particular, hybrid measurements
using fluorescence telescope have the advantage that the absolute energy scale relies on external
calibration measurements and features minimal dependence on hadronic interaction models. In
future, also radio measurements may provide an independent calibration of the absolute scale [12,
13].
Figure 1 shows energy spectra presented in the cosmic-ray indirect session and a selection of
spectra published earlier since not all experiments provided updates at this ICRC. Generally, the
spectra are in agreement with each other when taking into account statistical, systematic, and scale
uncertainties. Only at the very highest energies above the cut-off, there is some tension between
the flux measured by Telescope Array and the Pierre Auger Observatory that can only partly be
explained by the observation of different parts of the sky [14]. It also remains open to what extent
the cut-off is due to the GZK effect, i.e., energy-loss due to interactions of protons and nuclei with
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CMB photons during their propagation, or due to the maximum acceleration energy of the sources.
Nevertheless, at lower energies, the results of both experiments are compatible.
The increase in precision and accuracy leads to several new insights:
• HAWC measured a softening in the spectrum of light particles (p+He) around 1013.5 eV [15].
Some of the relatively new space experiments orbiting the Earth are expected to provide di-
rect measurements in this energy region soon [16] and may investigate this feature separately
for protons and He nuclei.
• Auger measured the second knee with remarkable accuracy and showed that the second knee
is not a sharp feature, but a softening that extends over at least a factor of two in energy from
about 100−200PeV [17]. This extended range might explain why earlier measurements of
the second knee position varied in energy by more than the stated uncertainties of various
experiments.
• The increased precision of Auger also revealed that the spectrum above the ankle is more
complex than the simple broken power law that was used until now to describe the cut-off.
It is no longer obvious whether a power-law is an appropriate description at all the cosmic-
ray energy spectrum above the ankle. At least another feature has to be included in the
description between the ankle and the cut-off [10].
3. Mass Composition
For air-shower measurements, the mass composition of cosmic rays is traditionally estimated
from either the distribution of the atmospheric depth of the shower maximum, Xmax, or measure-
ments of the muon number relative to the size of the electromagnetic shower component. Xmax mea-
surements at the highest energies (E & 1017 eV) mostly rely on the well-studied air-fluorescence
technique. It provides highest accuracy when combined with surface detectors for air-shower par-
ticles. This type of hybrid detection is the primary method used by the Telescope Array (TA) [19]
and the Pierre Auger Observatory [18]. At lower energies, hybrid measurements of Xmax are yet
less common, and mostly particle measurements are used for estimating the mass composition.
For the highest energy Galactic cosmic rays, i.e., at about 1015− 1018 eV, IceCube presented
the result of an analysis combining the measurements of high-energy muons in the ice with surface
measurements of the same air showers by IceTop, where the IceTop signal is typically dominated by
electromagnetic particles [8, 20]. The information of these two detectors is combined by a neural
network reconstructing the fractions of four mass groups over energy and the all-particle spec-
trum. These results are included in Figs. 1 and 3. In the same energy range, KASCADE-Grande
presented an updated analysis using the latest hadronic interaction model Sybill 2.3c, confirming
earlier results of a softening of the heavy component and a hardening of the light component around
the second knee [21].
For the highest energies, TA [22] and Auger [23, 24] presented updates based on increased
statistics and improvements in the analysis. Due to its larger aperture and longer operation time,
Auger accumulated more statistics which pays off in higher sensitivity, especially at energies above
1019 eV. Already at the last ICRC, it had been shown that there is no contradiction in the Xmax
3
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Figure 2: Mean Xmax measured by the Pierre Auger Observatory (left; adapted from [24]) and by the
Telescope Array (right; adapted from [22]). The Auger measurements are without significant selection bias
and can be compared directly to predictions generated by Monte-Carlo simulations using different hadronic
interaction models. For TA, the detection bias is included in the simulations (see text for mass fractions used
in this plot).
measurements between both experiments [25]. Although the latest update of this joint analysis was
performed for the UHECR 2018 conference [26], the conclusion is generally supported by new
results presented at this ICRC.
While Auger sees evidence for a fraction of heavier elements than He around the ankle [23],
a light mass composition cannot be excluded by TA. Nonetheless, also for TA, a mixed mass com-
position of approx. 57% p, 18% He, 17% N, and 8% Fe provides the best fit to the measured
Xmax distribution around the ankle between 1018.2 and 1019.1 eV (using the QGSJETII.04 hadronic
interaction model; numbers yet without uncertainties). Auger measurements extend to higher en-
ergies: The average mass composition becomes heavier with energy above 1018.5 eV. Furthermore,
the decreasing size of σ(Xmax) indicates that the composition above 1018.5 eV becomes less mixed
and can only contain a small fraction of light elements around 1019.5 eV [23].
Furthermore, a trend of changing composition over energy can be assessed in a relatively
model-independent way by the elongation rate (slope of the mean Xmax over energy) [23]. Auger
clearly confirms a break around the ankle reported earlier, i.e., the composition is lightest around
the ankle and becomes heavier towards the second knee at lower energies as well as towards the
cut-off at higher energies (Fig. 2). TA measurements are compatible with a break in the elongation
rate, but cannot exclude a constant elongation rate within present statistical uncertainties.
3.1 Radio measurements
Radio measurements of Xmax have become an alternative to the established air-Cherenkov and
air-fluorescence measurements [27, 28], and several radio experiments presented respective up-
dates [2, 29, 30]. In particular, LOFAR demonstrated that systematic uncertainties for the radio
Xmax measurement of an individual air shower are well studied and not larger than for the estab-
lished techniques. However, for translating individual Xmax measurements into a measurement of
the mass composition over energy, additional systematic uncertainties come into play regarding the
4
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elements
mass groups
Figure 3: Combined fit of the cosmic-ray energy spectra and its mass composition measured by various ex-
periments. While taking into account the experimental uncertainties, the fit allows in addition for a constant
shift of the energy scale of each experiment (inlet in the lower figure). This shift of the energy scales aims to
bring the measured spectra in agreement, and generally is within the scale uncertainties. The method of this
Global Spline Fit (GSF) is presented in Ref. [33] including references to the used data sets. Hans Dembinski
was so kind to update his fit including several new measurements presented at the CRI session of this ICRC,
in particular: the HAWC p+He spectrum [15] and the mass fractions measured by IceCube [8], as well as
most of the new all-particle spectra presented in Fig. 1 (new data of direct measurements presented at this
ICRC have not yet been included). The individual data points and the resulting fit are shown in the top figure,
a zoom to the CRI energy range is presented in the bottom figure.
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energy scale, the selection efficiency, and the aperture. Uncertainties for the energy scale are low-
ered to the same level as for the standard techniques [31], but the remaining uncertainties for the
efficiency and aperture are difficult to estimate. Due to the interplay of two emission mechanisms
(geomagnetic and Askaryan), this is more complicated for radio arrays than for particle detectors.
Nevertheless, also for the calculation of the exposure of radio arrays progress has been demon-
strated [32], which would facilitate the operation of radio arrays as a stand-alone technique. For
antennas as complement to hybrid detectors, maturity has already been demonstrated and antennas
will be part of several planned detector upgrades (see Sec. 8).
3.2 Global Spline Fit
At the last ICRC, a global spline fit (GSF) was presented to combine results from different
experiments using the uncertainties stated by the respective collaborations. For this proceeding,
the GSF fit was updated using the all-particle energy spectra presented by IceCube, TA, and Auger,
the p+He spectra by HAWC and Tibet, and the mass fraction by IceCube (Fig. 3).
The GSF assumes a constant shift of the energy scale between experiments, and the spectra
are shifted correspondingly, taking into account their uncertainties. Although a possible energy
dependence of the different scales is neglected and the scale shift of an experiment by the GSF
does not necessarily imply a deviation from the unknown true energy scale, the GSF scale is better
than just a relative, arbitrary scale. Since it is based on the statistical propagation of experimental
uncertainties, the more accurate direct measurements at low energies have a strong influence on
the scale, and the GSF enables to link the regimes of direct and indirect measurements. As seen in
the cosmic-ray direct session of the ICRC, there are also new measurements of space experiments,
some of them yet preliminary. In the next few years, these will create a significant overlap in the
TeV to PeV range to indirect measurements by HAWC, Tibet, TAIGA, GRAPES, and LHAASO,
which will further constrain the combined fit.
4. Anisotropy
Galactic cosmic rays arrive at Earth almost isotropically. Only weak anisotropy amplitudes
of the order of a permill or lower (depending on energy) have been observed. In particular, a
statistically significant dipole anisotropy has been observed at almost all energies, except for the
transition region between a few PeV and EeV where 5σ statistical significance has not yet been
achieved [36, 21]. Stronger anisotropies of amplitudes of several percents have only been observed
for extragalactic cosmic rays at the highest energies [37]. Regarding anisotropy measurements,
several updates were presented at this ICRC, confirming earlier findings with higher precision.
A combined analysis by HAWC and IceCube at 10TeV was able to determine several multi-
pole moments of a flux map covering almost the entire sky, which corresponds to anisotropies at
different angular scales (see Fig. 4) [34]. Anisotropies observed by Tibet [38] and LHAASO [39]
confirm the general picture. It was suggested that the dipole component of the anisotropy in the
TeV to PeV range might be explained by the Compton Getting effect, i.e., the movement of the so-
lar system in the Milky Way. This hypothesis needs to be studied with more accurate measurements
of the energy evolution of the anisotropy [38].
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(A) (B)
Figure 4: Anisotropy measured by HAWC and IceCube at 10TeV before (left) and after (right) subtracting
a multipole fit (Fig. from [34]; originally published in [35] - see there for a detailed explanation).
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Figure 5: Amplitude (left) and phase (right) of the equatorial dipole of the large-scale anisotropy at ultra-
high energies (from [40]).
At the highest energies, the Pierre Auger Collaboration reports that the strength of the dipole
anisotropy found earlier increases with energy [40], and reaches a strength of the equatorial dipole
of more than 10% for energies above approximately 1019.5 eV (Fig. 5). The evolution of the dipole
phase with energy is one of the indications for a transition from Galactic to extragalactic sources
around 1EeV [41]. Since many data analyses of cosmic rays are based on the assumption of an
approximately isotropic flux, the relatively large size of the anisotropy demands for a check of
systematic uncertainties or biases implied by that assumption. A step in this direction was done by
a simulation study showing that the flux (and its energy spectrum) measured at Earth is expected to
agree within a few percents with the extragalactic flux impinging our Galaxy [42].
Another indication for the extragalactic origin of the most energetic cosmic rays is the cor-
relation of their arrival directions with the structure of the nearby universe (d . 100Mpc). The
arrival directions of the highest energy (E & 40EeV) cosmic rays measured by Auger were found
to be correlated with the positions of galaxies of various types from several catalogs. The strongest
correlation is with starburst galaxies, but the interpretation is not trivial because all galaxy types
are correlated with the large-scale structure of the local universe and some galaxies may belong to
several types and undergo different stages. In addition to statistical searches, there is the chance of
directly discovering a source by observing a hotspot. Nevertheless, for the two candidates, i.e., the
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TA hotspot visible from the Northern hemisphere [43], and the Auger hotspot around Cen A visible
from the Southern hemisphere [44], the statistical significance has not yet reached the discovery
level.
In summary, anisotropy studies are one of the most powerful tools to search for the yet un-
known origin of the most energetic cosmic rays. Better models of the Galactic and intergalactic
magnetic fields will help to improve propagation models required for a detailed understanding.
On the experimental side, the next major step will be the resolution of the all-particle anisotropy
into mass groups. Several collaborations are undertaking upgrades of their detectors to provide the
necessary accuracy for this endeavor (see Sec. 8).
5. Origin
The fundamental quest of the origin of cosmic rays contains several questions: What are their
sources? By what mechanisms are cosmic rays accelerated? How do they propagate to Earth?
These questions have not been solved, but progress has been made on several aspects. In contrast to
other areas of our field that are dominated by the large experimental collaborations, this progress is
mostly provided by individuals or small collaborations. Therefore, it is difficult to give a complete
and balanced overview. Thus, I refrain from listing all possible source candidates and only mention
a small personal selection of few contributions presented in the CRI section.
Shockfront acceleration, e.g., in supernova remnants, remains a plausible scenario for the
dominant acceleration mechanism. Improved hybrid simulations of relativistic ions provide a plau-
sible explanation, why spectra of supernova shockfronts can be steeper than a power-law index of
γ = −2 [45]. In another study, it was shown that helium nuclei might be accelerated more effi-
ciently than protons or other nuclei [46]. However, the relation to the different power-law indices
of the p and He spectra observed at Earth was not discussed and will need to take into account
also propagation effects. Realistic simulations of propagation effects require accurate models of
Galactic and extragalactic magnetic fields, which remain another topic of active research. For ex-
tragalactic cosmic rays, the possibility of a magnetically guided propagation along galaxy filaments
in the large-scale structure was presented. Due to the propagation along filaments, the TA hotspot
could be caused by cosmic rays accelerated in the Virgo cluster [47]. Generally, such a guided
propagation over large angular distances can have interesting consequences on the interpretation of
small-scale anisotropies, such as correlation studies with possible source catalogs.
Generally, scenarios for the origin of ultra-high-energy cosmic rays need to be tested against
experimental data. Ideally, all high-quality data available are taken into account, such as the
cosmic-ray mass composition, energy spectrum, and sky maps, as well as observational data or
limits of other messengers. An example of such a multi-messenger test including neutrino mea-
surements by IceCube and cosmic-ray measurements by Auger is presented in Ref. [48]. The result
suggests that ultra-high-energy cosmic rays may be comprised of two components: The dominant
component would feature a heavy composition above 10EeV, but a sub-dominant protonic compo-
nent could reach out to much higher energies.
Another scenario for extragalactic sources was presented in Ref. [49], and tested by a com-
bined fit against various measurements of the Pierre Auger Observatory. The specific scenario is
for Gamma-Ray Bursts (GRBs) as sources and takes into account how the interaction of the ac-
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celerated cosmic rays within the GRB shells affects the spectral slope of the protons and nuclei
escaping. Therefore, the source spectra as well as propagation effects of extragalactic cosmic rays
contribute to the ankle feature in the all-particle energy spectrum observed at the Earth. While the
original dip-model explaining the ankle by the energy loss of protons due to pair creation neglects
that there is a significant fraction of heavier nuclei, also those nuclei undergo energy losses dur-
ing their propagation [50]. In the scenario of Ref. [49], fitting the cosmic-ray mass composition
requires a fraction of Galactic cosmic rays being present until the energy region of the ankle. Con-
sequently, also the Galactic-to-extragalactic transition would contribute to the ankle feature, which
implies that the most energetic Galactic cosmic rays have an energy of a few EeV.
Regarding the origin of Galactic cosmic rays, the progress concentrates on the region of lower
energies (below the knee; mostly GeV and TeV) accessible by direct cosmic-ray and gamma-ray
observations [51]. Based on gamma-ray observations, the Galactic Center remains a candidate for
the acceleration of protons at least to the PeV region [52], but it is not yet clear how the origin of
the most energetic Galactic cosmic rays around and beyond the second knee can be explained.
6. Hadronic Interactions in Air Showers
Hadronic interaction models remain one of the major systematic uncertainties in the inter-
pretation of air-shower measurements. Apart from that, understanding the hadronic and particle
physics in the air showers is science goal by itself and an area of traditional cooperation with the
particle-physics community. Thus, there is hope that ongoing and planned measurements at accel-
erators, such as proton-oxygen collisions at LHC [53], will provide the basis for improvements in
hadronic interaction models - finally resulting in a higher overall accuracy of indirect cosmic-ray
measurements. Since a concise overview of hadronic interactions in air showers is given a separate
highlight proceeding [54], I will only summarize a few selected contributions on this topic here.
Another example of experimental collaborations increasing their impact by cooperation is a
combined analysis of muon measurements by air-shower arrays over many order of magnitude
in energy [55]. Refined analyses of existing measurements, as well as new measurements, were
included, such as the pure measurement of the muon density by the AMIGA underground detectors
at the Pierre Auger Observatory [56]. The joint analysis of several experiments confirms that all
state-of-the-art hadronic interaction models predict too few muons (Fig. 6). This muon problem
seems to grow with energy and becomes significant around 100PeV (likely it already starts at lower
energies): The measured muon numbers exceed the predicted ones by several 10% (but not more
than a factor of 2), where the exact number depends on the energy and on the hadronic model used
for comparison. However, the relative shower-to-shower fluctuations of the muon numbers seem
to be in agreement with hadronic interaction models [57]. Nonetheless, there are other observables
not reproduced by the models, e.g., the evolution of the muon number with zenith angle [58]. Even
in the TeV energy range, well below the center-of-mass energy of contemporaneous accelerator
experiments, there still are significant differences between hadronic interaction models of the order
of 10−20% [59, 60].
The electromagnetic component seems to be understood significantly better than the muonic
one, but the quantitative level of accuracy of the models is not clear. At least for the position of the
shower maximum, there is a small tension between simulations and measurements [23].
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Figure 6: Muon measurements over energy by various experiments compared to the predictions of hadronic
interaction models before and after adjustment of the energy scales by the GSF fit (Figure adapted from
Ref. [55]).
In addition to the essential progress in dedicated accelerator experiments targeting the phase
space relevant for air showers [61, 62, 63, 64, 65], there are at least two further ways how progress
can be achieved. In some cases, it is possible to obtain information on the hadronic interactions
from the air-shower measurements themselves. One example is the seasonal variations of muons
measured with extreme precision by IceCube. The non-linearity of the correlation with the effective
atmospheric temperature is linked to the pion-to-kaon ratio, which itself depends on the hadronic
interactions in the shower [66]. A second example was presented in a simulation study indicating
that a precise measurement of the probability distribution of the muon number at a given energy
can provide information on neutral pions in air showers [67].
Another way of progress will be to continue the development of Monte Carlo simulations
based on hadronic interaction models and test them for consistency with experimental data of all
kinds and in the complete relevant energy range. Such developments will be facilitated by a major
upgrade of the main working horse for such simulations studies: The CORSIKA simulation pack-
age is being transferred to C++ and undergoes several significant improvements [68, 69, 70]. The
new CORSIKA 8 will have a modular structure enabling the whole community to contribute to the
future development of this software.
7. Other Topics
While the essence of our field is fundamental research in astroparticle physics at the highest
energies, there are several merits to other areas.
One of the practical applications of cosmic rays is muon tomography [71]. Several groups
pursue research in this area, e.g., to monitor the status of volcanoes [72, 73] or to detect movements
of ancient buildings [74]. Another application is the use of cosmic-ray detectors for atmospheric
10
Rapporteur: Cosmic Ray Indirect Frank G. Schröder
physics, either directly by observing the atmosphere with the cosmic-ray detectors, or indirectly
by observing changes in the detected cosmic-ray signals due to atmospheric events. One of the
examples for the latter category is the study of atmospheric electric fields by their influence on the
radio emission of air showers [75]. There are many more examples, as summarized in a dedicated
overview contribution [76].
Outreach is another way to increase the impact of our research field beyond its core science
goals. Many collaborations make an effort to reach out to school students and the general public,
e.g., by organizing outreach events, on-site tours, or public webpages. Furthermore, there are a
few dedicated outreach projects, such as CREDO for distributed cosmic-ray detection, which uses,
on the one hand, smartphone sensors and, on the other hand, small scintillation detectors at public
locations such as schools [77]. Due to the known situation of the latter, the data are easier to
interpret, in this way increasing the potential for scientific outcomes besides fulfilling the outreach
purpose.
Open data becomes increasingly important not just for outreach purposes, but also for the
leverage of scientific research. Generally, experimental collaborations have different policies what
experimental data to share and how to share them, but in most cases, at least a part of the data is
shared either by open websites or upon request. KASCADE set an example a few years ago by
making its measurements available via a website for scientific analysis (an approach very common
in the astronomy community). This effort is now extended towards the Tunka experiment [78], and
also data of other experiments have been included in this KASCADE data center (KCDC) [79]. At
this ICRC, we have seen an example that opening the KASCADE data to the community indeed
motivates further research [80]. Consequently, open data can indeed enhance the scientific merit of
an experiment.
8. New Projects and Upgrades
One of the most exciting news at this ICRC was about the numerous new projects and upgrades
of existing air-shower arrays that are forthcoming in our field. They will increase the precision and,
most importantly, the total measurement accuracy over a wide range of energies. A review of the
manifold science goals is beyond the scope of this rapport. Nevertheless, the recent Astro2020
decadal survey provides a good overview of the general science goals targeted by indirect cosmic-
ray measurements (and much beyond), see, e.g., Refs. [81, 82]. Again, it is hard to track all
individual experimental upgrades, but the following list summarizes some of the more advanced
plans for upgrades and new detectors presented at the conference.
• LHAASO in China: LHAASO is a multi-detector experiment under construction. It features
a dense 1.3km2 air-shower array of electromagnetic and muon detectors complemented by
an extremely dense 78,000m2 water-Cherenkov detector array in the center [83, 84]. When
completed, it will target Galactic cosmic rays over many orders of magnitude in energy up
to about 1018 eV. The combination of complementary detector systems is expected to make
this the most accurate air-shower array in the Northern hemisphere. Very promising results
were presented at this ICRC using parts of LHAASO already completed. Examples are
the measurement of the lateral distribution of muons [85] and the observation of the moon
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Figure 7: Photos of experiments: LHAASO (left, from [87]), a prototype station of AugerPrime (middle,
from [108]), antenna of a prototype station for the enhancement of IceTop (right, from [89]).
shadow and its displacement varying with energy [86]. Considering the early stage of the
experiment, this constitutes a remarkable achievement and demonstrates that the detector is
reasonably well understood.
• IceCube at the South Pole: IceTop, the 1km2 surface array of IceCube, is planned to be
enhanced by a hybrid array of scintillators [88] and antennas [89] (additionally small air-
Cherenkov telescopes are under investigation [90]). The coincident detection of air shower
particles and radio emission at the surface and high-energy muons in the ice will provide un-
precedented accuracy for the reconstruction of air showers. Therefore, the enhancement can
transform IceTop into the most accurate air-shower array of the Southern hemisphere. The
broad science case extends beyond high-energy Galactic cosmic rays from 1014− 1018 eV
[91], and includes the search of PeV photons [92] as well as several improvements for Ice-
Cube’s neutrino measurements [93].
• LOFAR in the Netherlands: LOFAR will get an electronics upgrade increasing the obser-
vation time for air showers and an extension of the particle-detector array LORA used as a
trigger [94]. Due to the high density of antennas, LOFAR provides high accuracy for the
position of the shower maximum and, thus, for the average mass composition in the energy
region of the second knee.
• Space Experiments: Several recent and new space experiments for direct cosmic-ray detec-
tions will increase the overlap in energy range with indirect measurements [16]. Within the
JEM-EUSO program, there are dedicated space experiments planned for air-shower detec-
tion at the highest energies using the air-fluorescence and air-Cherenkov techniques [95]. In
August 2019, Mini-EUSO, a small prototype arrived at the ISS [96]. As the next step, a
second flight with a super-pressure balloon is planned [97]. As the final stage, POEMMA is
proposed, consisting of two telescopes in nearby satellites, that will exceed the exposure of
current ground-based detectors for ultra-high-energy neutrinos and cosmic rays by an order
of magnitude [98]. Stereo observations will allow for a decent Xmax resolution that enables
to measure the average mass composition at the highest energies above 1019.5 eV.
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• Telescope Array in Utah, USA: TA will undergo several upgrades extending its energy range.
TAx4 will quadruple the size of the surface array of scintillation detectors to almost 3000km2
[99], comparable to the size of Auger. Once completed, TA will collect comparable annual
exposure at the highest energies. In particular, anisotropy studies will benefit from this higher
statistics for cosmic rays from the Northern sky. Moreover, TA features two extensions for
lower energies: While at high energies the hybrid combination of fluorescence light and
scintillation detectors is the method of choice, at lower energies TALE [100] and NICHE
[101] use air-Cherenkov light instead of fluorescence light for air-shower observations. By
this, TA will cover five orders of magnitude in energy, reaching from about the knee to the
cut-off in the energy spectrum. Finally, TA remains an excellent site for the test and cross-
calibration of new detector systems [102, 103, 104].
• AugerPrime, the ongoing upgrade of the Pierre Auger Observatory in Argentina: Next to an
extended duty cycle of the fluorescence telescopes, AugerPrime includes various improve-
ments of the 3000km2 surface detector, in particular, the addition of a scintillation detector
[105, 106] and a radio antenna [107, 108] to each water-Cherenkov tank. Since the collocated
scintillators and water-Cherenkov detectors enable the separation of the electromagnetic and
muonic shower components, the upgrade provides Auger with per-event mass sensitivity,
even when the fluorescence telescopes are not operating (e.g., during daytime). While the
scintillators perform well for vertical and mildly inclined events, the antennas in combina-
tion with the water-Cherenkov tanks enable a separation of the electromagnetic and muonic
shower components for highly inclined events [109]. Last but not least, underground muon
detectors further increase the accuracy in a denser part of the surface array (AMIGA) for the
energy range above 1017 eV [110]. Thanks to AugerPrime, Auger will remain the most accu-
rate detector for ultra-high-energy cosmic rays. The event-by-event mass separation will be
used to search for mass-dependent anisotropies. The higher accuracy for the average mass
composition may solve the question to what extent the cut-off in the energy spectrum is due
to the GZK effect or due to the maximum acceleration energy of the extragalactic sources.
• GRAND in China: GRANDproto300 is more than a simple prototype for the huge GRAND
array aiming at ultra-high-energy neutrinos [111]. GRANDproto300 will target the transi-
tion from Galactic-to-extragalactic cosmic rays as its primary science goal [112]. The array
will be an order of magnitude larger than the AMIGA and AERA arrays of the Pierre Auger
Observatory, which enables higher exposure for the energy range around 1018 eV. About 300
antennas shall be deployed over the next two years in China, and are proposed to be com-
plemented by a collocated array of water-Cherenkov detectors. Although the sensitivity to
vertical showers will be limited because of the sparse antennas spacing, this detector combi-
nation of GRANDproto300 will provide mass sensitivity for inclined showers comparable to
the radio upgrade of the Pierre Auger Observatory.
In summary, most of the upgrades and new experiments rely on hybrid measurements com-
bining two or even more detection techniques (Fig. 7). This trend to multi-hybrid detection is
a rational choice, since higher statistics alone may be insufficient for further progress - given the
mass composition of cosmic rays turned out to be mixed at all energies up to at least several 10EeV.
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9. Conclusion
As in the past ICRCs, the CRI session was the one with most contributions. Again, they spread
over a wide range from the particle physics in showers, over the manifold instrumentation and their
measurements, up to the astrophysical interpretation. This reflects a continuous broad and strong
interest in this field of astroparticle physics dealing with the highest measured particle energies.
Indeed, indirect cosmic-ray detection still is the only guaranteed access to these highest energies in
the Universe. Multi-messenger astronomy is on a rising edge, in particular, the joint interpretation
of cosmic rays, photon, and neutrino measurements. Nonetheless, at the moment, it is impossible to
predict whether the discovery of the most energetic sources in the Milky Way and the Universe will
be by one of these neutral messengers or by more accurate cosmic-ray measurements, such as mass-
sensitive anisotropy studies, or by a combination of both. Therefore, it is important to maintain
progress in all areas, as is done by the ongoing upgrades and new experiments that will measure
air showers with increasingly higher accuracy. It is exciting that more and more projects target
several messengers with one set of multi-hybrid instrumentation, such as cosmic-ray observatories
searching also for neutrinos and photons, or neutrino observatories providing accurate cosmic-ray
measurements with their detectors at the same time. Consequently, it may just be a question of
time until the steady progress in our field will pay off in the solution of the puzzle about the origin
of cosmic rays.
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